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Abstract 
Fundamental understanding of membrane fouling in osmosis-driven membrane processes is important 
for further deployment of this emerging technology in desalination and wastewater reuse. In this study, 
we investigated the role of pressure in organic fouling and reversibility in forward osmosis (FO) and 
reverse osmosis (RO) using alginate as a model organic foulant. Varying contributions of pressure (i.e., 
osmotic versus hydraulic) to the overall driving force were realized in forward osmosis (FO), pressure-
assisted FO (PFO), and reverse osmosis (RO) experiments, while the same total driving force for water 
permeation was applied. Confocal laser scanning microscopy was used to examine alginate fouling layer 
structure in the hydrated state, which informed two key parameters: fouling layer thickness and foulant 
volume. We observed that the resulting fouling layer became increasingly more compact in the order of 
FO, PFO, and RO experiments. Fouling layer reversibility followed the same trend, with the highest and 
lowest reversibility observed for the FO and RO fouling experiments, respectively. Possible mechanisms 
for fouling layer compaction in RO were discussed, including permeate drag force and foulant 
compressibility, as opposed to FO where only permeate drag force applies. Our findings suggest that 
pressure mechanistically alters the membrane fouling layer structure and fouling reversibility, leading to 
higher fouling reversibility in FO, where the driving force is osmotic pressure, than RO, where the driving 
force is hydraulic pressure. 
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Fundamental understanding of membrane fouling in osmosis-driven membrane processes is 
important for further deployment of this emerging technology in desalination and wastewater 
reuse. In this study, we investigated the role of pressure in organic fouling and reversibility in 
forward osmosis (FO) and reverse osmosis (RO) using alginate as a model organic foulant. 
Varying contributions of pressure (i.e., osmotic versus hydraulic) to the overall driving force 
were realized in forward osmosis (FO), pressure-assisted FO (PFO), and reverse osmosis (RO) 
experiments, while the same total driving force for water permeation was applied. Confocal laser 
scanning microscopy (CLSM) was used to examine alginate fouling layer structure in the 
hydrated state, which informed two key parameters: fouling layer thickness and foulant volume. 
We observed that the resulting fouling layer became increasingly more compact in the order of 
FO, PFO, and RO experiments. Fouling layer reversibility followed the same trend, with the 
highest and lowest reversibility observed for the FO and RO fouling experiments, respectively. 
Possible mechanisms for fouling layer compaction in RO were discussed, including permeate 
drag force and foulant compressibility, as opposed to FO where only permeate drag force 
applies. Our findings suggest that pressure mechanistically alters the membrane fouling layer 
structure and fouling reversibility, leading to higher fouling reversibility in FO, where the 
driving force is an osmotic pressure, than RO, where the driving force is hydraulic pressure.   
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Reverse osmosis (RO), a pressure-driven membrane process, is a reliable technology to 
augment water supply through seawater desalination and wastewater reuse [1]. The RO process 
uses hydraulic pressure as the driving force for water permeation through a dense polymeric 
membrane, which consumes a vast amount of energy for seawater desalination [2]. RO plants 
require an average of 4 kWh electric energy to produce one cubic meter of freshwater, which is 
associated with 2.3 kg CO2 emission from power plants [3]. In both desalination and wastewater 
reuse applications, RO membrane fouling is inevitable [4, 5], thereby requiring the use of 
chemical cleaning agents [6] and increasing the cost of water production. 
Forward osmosis (FO), an osmosis-driven membrane process, could potentially advance 
desalination and wastewater reuse. FO utilizes the osmotic pressure of a highly concentrated 
draw solution as the driving force to transfer water from the feed solution to the draw solution 
through a dense polymeric membrane. FO has demonstrated a much lower fouling propensity 
and higher fouling reversibility than RO, which was attributed to the lack of applied hydraulic 
pressure [7-10]. Consequently, FO is widely used to treat low quality feedwaters, including 
landfill leachate [11], anaerobic digester concentrate [12], activated sludge solution [13, 14], and 
municipal wastewater [15-17]. 
Despite ample experimental reports regarding the lower fouling propensity of FO, it is not 
clear whether the lack of hydraulic pressure in FO mechanistically alters membrane fouling and 
cleaning behavior. We previously hypothesized that the fouling layer structure in FO is markedly 
different from that in RO, with a loose and spare fouling layer in FO and a dense and compact 
layer in RO [7, 8]. This hypothesis regarding the structure of the fouling layer in FO was 
supported by several indirect experimental observations. Lee et al. [10] reported that water flux 
was almost completely recovered after ‘physical’ cleaning by increasing the feed cross-flow 
velocity. In another study, Mi and Elimelech [8] compared water flux recovery in FO and RO 
after membrane physical cleaning, where water flux recovery in FO was almost 100%, while that 
in RO was only 70%.  
A direct, detailed examination of FO and RO fouling layer structure in the hydrated state 
holds the key to this fundamental question regarding the role of pressure in FO and RO fouling. 
Previous attempts were made to observe FO fouling processes directly by optical microscopy, 
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involving various foulants, such as algae [18], latex particles [19], and gypsum-alginate mixture 
[20]. These observations provided information on surface coverage and morphology of FO 
fouling layers on the membrane surface. However, optical microscopy cannot shed light on the 
structure, particularly thickness and density, of the fouling layers.  
We propose a confocal laser scanning microscopy (CLSM) approach to examine the 
membrane fouling layer structure in FO and RO in the hydrated state at the micrometer scale. 
CSLM provides information on a fouling layer at different depths of a three-dimensional object 
as a result of non-invasive optical sectioning of the sample, thereby non-invasively visualizing 
the fouling layer structure [21, 22]. This approach was successfully applied to quantitatively 
investigate the structure of organic fouling layers comprising proteins and polysaccharides in 
microfiltration [23, 24]. 
The aim of this study is to investigate the role of pressure in organic fouling in FO and RO. 
We employed FO, pressure-assisted FO (PFO), and RO processes to compare alginate fouling 
behaviors. These membrane processes entail varying contributions of hydraulic pressure to the 
overall driving force. Water flux decline during fouling and water flux recovery after physical 
cleaning were measured to elucidate the role of pressure in membrane fouling. Membranes were 
characterized by CLSM after fouling and physical cleaning in the hydrated state to delineate the 
fouling layer structure. Possible mechanisms accounting for such different structures under 
varying contributions of hydraulic pressure are discussed.  
 
2. Materials and methods 
2.1. FO membrane and mass transfer parameters 
Commercially available polyamide thin-film composite (TFC) FO membranes (HTI, 
Albany, OR) were used in this study. The TFC membrane was received as a flat sheet and stored 
at 4 °C in deionized (DI) water. Key membrane transport parameters were determined using the 















2.2. FO, RO, and pressure-assisted FO setups 
We employed three laboratory-scale, cross-flow membrane filtration setups: FO, PFO, and 
RO to elucidate the role of pressure in organic fouling. Details of the experimental setups are 
provided in Supplementary Data (Figure S1).  
All three membrane setups were equipped with membrane cells of identical dimensions (77 
mm × 26 mm × 3 mm). In all experiments, the temperatures of the solutions were maintained at 
20 ± 0.1 °C using a chiller/heater (Neslab RTE 7) equipped with stainless steel heat exchanger 
coils, submerged in stainless steel reservoirs. The average flow rates of the feed solutions in 
contact with the membrane active layer were monitored by rotameters and kept at 1 L/min 
(corresponding to a cross flow velocity of 8.5 cm/s) to provide identical shear stress on the 
membrane surface.  
In FO experiments, two variable speed gear pumps (Cole-Parmer, Vernon Hills, IL) were 
used to circulate the feed and draw solutions at the same flow rate (1 L/min). The draw solution 
reservoir was placed on a digital balance (Mettler Toledo Inc., Hightstown, NJ) and the temporal 
weight changes were recorded by a computer to calculate the permeate water flux.  
For the RO setup, the unit was equipped with a positive displacement pump (Wanner 
Engineering Inc., Minneapolis, MN). Permeate flow was measured by a digital flow meter 
(Optiflow 1000, Agilent Technologies, Palo Alto, CA) connected to a computer.  
For the PFO setup, a variable speed gear pump (Cole-Parmer, Vernon Hills, IL) and a 
high-pressure positive displacement pump (Hydra-cell, Wanner Engineering, Inc., Minneapolis, 
MN) were used in a closed loop to circulate the feed solution and draw solution, respectively, at 
the same flow rate (1 L/min). Hydraulic pressure was applied to the feed solution while the draw 
solution was maintained at an ambient pressure. Flow rate and pressure of the feed solution were 
controlled by adjusting a bypass needle valve and backpressure valve. Water flux through the 
membrane was measured from the temporal weight change of the draw solution.  
2.3. Experimental procedure of membrane fouling and cleaning 
We compared alginate organic fouling behaviors in FO, RO, and PFO. The same feed 
solution of 200 mg/L sodium alginate and 1 mM CaCl2 was used for all fouling experiments 




 was achieved by adjusting the draw solution 
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concentration in FO, applied pressure in RO, and both draw solution concentration and applied 
pressure in PFO experiments. A glucose solution (2.5 M) was used as a draw solution in FO to 
minimize the impact of reverse draw solute diffusion on membrane fouling [27, 28]. Hydraulic 
pressure of 12.5 bar (180 psi) was applied in RO, while in PFO, a combined driving force was 
applied by using 1.5 M glucose draw solution and 5.5 bar (80 psi) of hydraulic pressure in the 
feed solution. These three sets of fouling experiments provided a unique perspective for 
observing alginate fouling behaviors under a range of applied hydraulic pressures, but at 
identical initial water flux. A baseline experiment (i.e., feed without alginate foulants) was 
carried out for both FO and PFO fouling experiments to correct the flux decline due to the 
continuous concentration of the feed solution and dilution of the draw solution, as described in 
Supplementary Data (S2 and Figure S2). Fouling experiments at the conditions described above 
were carried out for ~23 hours to obtain 500 mL cumulative permeate volume.  
Membrane physical cleaning was carried out at the conclusion of each fouling experiment. 
Experimental conditions for membrane physical cleaning in FO, PFO, and RO include a 
crossflow velocity of 17 cm/s, DI water, and a cleaning duration of 30 minutes. After the 
physical membrane cleaning, water flux was measured using alginate foulant-free solution (i.e., 1 
mM CaCl2) to determine water flux recovery, under the same aforementioned experimental 
conditions in membrane fouling. 









                                                                              (1) 
where Jb is the water flux with the background electrolyte solution (i.e., 1 mM CaCl2) before 
fouling, Ja is the water flux with the background electrolyte solution after fouling, and Jc is the 
water flux with the background electrolyte solution after physical cleaning. The water flux 
recovery is an indicator for fouling reversibility. 
2.4. Fouling layer characterization 
We employed confocal laser scanning microscopy (CLSM) to characterize the alginate 
fouling layers in the hydrated state. Membrane subsections were cut (1 cm
2
) from the center of 
the alginate-fouled membranes from each experiment. The membrane sections were then placed 
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in a petri-dish with 2 mL feed solution, followed by a staining procedure where 60 µL of 50 μM 
concavalin A (Con A, Alexa Flour 633 conjugated, Invitrogen, MA) in 0.1 M NaHCO3 buffer of 
pH 8.3 were added to identify polysaccharides. After the membrane sections were left in the dark 
for 30 minutes to allow for polysaccharide-Con A specific binding [30]. The stained membrane 
samples were rinsed three times with a foulant-free, 1 mM CaCl2 solution to remove any 
unbound stain, and then mounted in a custom-built characterization chamber for confocal 
imaging [31]. 
Confocal images were captured using a CLSM (Zeiss LSM 510, Carl Zeiss, Inc.) equipped 
with a Plan-Apochromat 20×/0.8 numerical aperture objective. Con A fluorophore was excited 
with 633 nm helium-neon laser. A minimum of three Z stack random fields (635 µm × 635 µm) 
were collected for each sample, with a slice thickness of 2.3 µm, using ZEN (Carl Zeiss, Inc.) to 
obtain a representative ortho-image of fouling layer. The fouling layer dimensions were analyzed 
by capturing a minimum of ten random Z stack regions (90 µm × 90 µm) for each sample, with a 
slice thickness of 1.2 µm, using ZEN (Carl Zeiss, Inc.). 
Image analysis was performed using Auto-PHLIP-ML 
(http://sourceforge.net/projects/phlip), ImageJ software (http://rsbweb.nih.gov), and MATLAB 
(The Mathworks, Inc.). Thickness and foulant volume were determined by identifying Con A 
stained polysaccharides of the fouling layers for all samples, using a Matlab PHLIP code [32]. 
Thickness represents the spatial size of the alginate fouling layer, while foulant volume is 
defined as the genuine volume of foulants by multiplying the number of foreground pixels in an 
image stack by the voxel volume in the hydrated fouling layer per membrane area, thus 
providing an estimate of the alginate fouling layer density [33]. A more detailed description of 
the Auto- PHLIP-ML software can be found elsewhere [32, 33]. 
3. Results and Discussion 
3.1. Membrane fouling behavior 
We related membrane fouling behavior, including water flux decline and recovery, to the 
driving force for water permeation through the membrane (Figure 1). While the FO process only 
uses osmotic pressure as the driving force, the RO membrane process is driven by pure hydraulic 
pressure. Uniquely, the PFO membrane filtration combines osmotic and hydraulic pressures as 
the driving force.  
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Figure 1: (A) Water flux decline during organic fouling and (B) water flux recovery after 
physical cleaning of fouled membrane in FO, pressure-assisted FO (PFO), and RO. Fouling 
experimental conditions were: feed solution contained 200 mg/L alginate with 1 mM CaCl2 for 
all fouling experiments; crossflow velocities and temperatures of feed and draw solutions were 
8.5 cm/s and 20.0 ± 0.1°C, respectively. In FO, the draw solution was 2.5 M glucose. In RO, the 
applied pressure was 12.5 bar (180 psi). In PFO, the draw solution was 1.5 M glucose, and the 
applied pressure was 5.5 bar (80 psi). Cleaning conditions for FO, PFO, and RO were: crossflow 




In order to identify whether the different driving forces could affect membrane fouling and 
subsequent physical cleaning, we compared water flux decline and recovery of these three 
membrane processes. The water flux decline profiles for FO, RO, and PFO membrane filtration 
were practically the same (Figure 1A). However, the flux recoveries of these three processes are 
markedly different (Figure 1B). After the physical cleaning, water flux was almost completely 
recovered in FO, while by contrast, RO recovered less than 10% of the initial water flux decline. 
PFO, the process which combines osmotic and hydraulic pressures as the driving force, 
recovered 58% of the declined water flux, an amount in between FO and RO water flux 
recoveries.  
These observations imply that although the hydraulic pressure exerted less impact on the 
membrane fouling rate under the reported experimental conditions, it led to significant difference 
in fouling layer reversibility as observed by the negligible water flux recovery in RO after 
physical cleaning compared to the near complete water flux recovery in FO. Previous studies 
attributed such results to the structure of the fouling layer, indicating that fouling layers formed 
in FO are less compact due to the lack of hydraulic pressure [7, 8]. This hypothesis is 
strengthened by our observations of increased water flux recovery in RO, PFO, and FO as the 
contribution of hydraulic pressure to the overall driving force decreased. In FO, the fouling layer 
is not compacted due to the lack of hydraulic pressure, and the fouled membrane can be easily 
cleaned by a brief water rinsing. In contrast, the alginate fouling layer on the membrane surface 
in RO is more compacted and tightly held together under the hydraulic pressure, thereby 
resulting in a reduced water flux recovery. In PFO, the alginate fouling layer is expected to be 
partially compressed, which leads to an intermediate water flux recovery. 
3.2. Membrane fouling layer characteristics 
We have used CLSM to characterize the alginate fouling layers formed in FO, RO, and 
PFO in the hydrated state, for the first time, to verify the effect of hydraulic pressure on organic 
fouling layer structure. To compare the reversibility of the fouling layers, membrane sections 
were taken both at the conclusion of the fouling experiments and after physical cleaning, and 







Figure 2: Confocal laser scanning microscopy (CLSM) orthogonal view of (A) alginate fouling 
layer structures in FO, PFO, and RO; and (B) corresponding alginate fouling layers after physical 
cleaning. The alginate fouling layer was stained with Con A (red) specific for polysaccharides. 

















































































































Figure 3: Fouling layer thickness and foulant volume after (A) alginate fouling and (B) physical 
cleaning in FO, RO, and PFO. The fouling layer thickness and volume were measured with the 
fouling layers being in the hydrated state (i.e., not dried) by confocal laser scanning microscopy. 
Error bars represent the standard deviation of twenty measurements in two repeated experiments. 




Hydraulic pressure resulted in a dramatic difference in alginate fouling layer morphology 
(Figure 2A). Visually, the fouling layers in RO were homogenous and continuous films, while 
those in both FO and PFO were highly scattered and heterogeneous. Specifically, average 
fouling layer thickness gradually decreased from FO (85 µm), PFO (66 µm), to RO (53 µm) 
(Figure 3A). More importantly, the foulant volume of the alginate fouling layer significantly 












) (Figure 3A). The 
fouling layer thickness and foulant volume captured in the hydrated state were consistent with 
our hypothesis that the hydraulic pressure compressed the alginate gel, resulting in denser and 
more compact organic fouling layers. 
Our findings regarding the structure of the fouling layers were further corroborated by the 
fouling layer structures of FO, PFO, and RO after physical cleaning (Figure 2B) by a doubled 
cross-flow rate for 30 minutes. After the cleaning process, most of the fouling layer in FO was 
removed, leaving a thin and highly scattered residual layer (largest thickness of 7 µm). However, 
the fouling layer in RO was only partially disrupted, resulting in heterogeneous film with an 
average thickness of 49 µm, almost unchanged from 53 µm before cleaning. It is noteworthy that 
the alginate fouling layer formed in the PFO could not be fully cleaned, leaving a partially 
covered membrane surface.  
Figure 3B clearly shows that the thickness and alginate foulant volume of the remaining 
alginate fouling layers were dependent on the contribution of hydraulic pressure to the overall 
driving force. Specifically, both fouling layer thickness and alginate foulant volume after 
cleaning were largest in RO, lowest in FO, and in between for PFO.  This trend also agrees with 
the estimated alginate fouling layer density after membrane fouling and cleaning as described in 
Supplementary Data (S3 and Figure S3). Once again, this observation is consistent with our 
proposal that the alginate fouling layers were compressed under hydraulic pressure, resulting in a 
varying degree of resistance to physical cleaning. 
3.3. Role of pressure in membrane fouling in FO and RO 
As demonstrated in our experiments, the fouling layers formed on the membranes in RO 
are irreversible and more compacted than those in FO under identical operational conditions 
(type of membrane, feedwater composition, hydrodynamic conditions, and initial permeate water 
flux). We discuss two possible mechanisms for the compaction of the fouling layers in RO: (i) 
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Figure 4: Schematic diagrams of possible compaction mechanisms of fouling layers under 
hydraulic pressure. (A) Drag force due to viscous flow of water through the fouling layer. (B) 
Compression of foulants by hydrostatic pressure. Fouling layers are modeled as a polymer matrix 
consisting of cylindrical pores. Dotted area indicates a repeating unit of the matrix with area A 
and pore area Ap (upper right). Also presented is the cross-section view of the repeating unit 
showing pressure, stress distribution, and permeate drag force inside the pore (lower right).  
 
 
3.3.1. Permeate drag force 
Fouling layers on membranes pose additional resistance to water transport by providing 
tortuous and porous structures. The porous structure of alginate gel with an effective pore size of 
5 – 150 nm [34, 35] allows the water to transport via viscous flow [36], resulting in a pressure 
drop across the fouling layer. The corresponding drag force leads to a compressive force on the 
alginate gel structure in the flow direction (Figure 4A).  
The compaction of the fouling layers is solely determined by the pore structures and 
permeate flow rate of water, not by the absolute magnitude of hydraulic pressure. At the initial 

























the presence or absence of hydraulic pressure. As additional alginate molecules are transported 
from the bulk feed water to the membrane surface via the convective permeate water flux, an 
alginate fouling layer forms through calcium bridging of alginate molecules [26]. Since the 
initial water fluxes were similar in our RO and FO experiments, the advection of alginate to the 
membrane surface and the rate of alginate deposition at the initial stage of fouling should be 
similar in RO and FO. Given the identical initial structures of the fouling layers and water fluxes 
in both RO and FO, the compaction induced by the permeate drag force at the initial stage of 
fouling should occur to the same extent. Therefore, the experimentally observed higher degree of 
compaction in RO than FO cannot be explained by the permeate flow drag force and calls for 
exploration of additional mechanisms.  
3.3.2. Compression of foulants 
Materials are deformed reversibly or irreversibly under external pressure. One of the 
most important material properties for such deformation is the Poisson ratio, ν, defined as the 
negative ratio of transverse to axial strain. For any compressible foulant in the feed water (ν < 
0.5), the volume of the foulants is reduced under a large hydraulic pressure in RO. Although 
most polymers, including alginate gel matrix, are almost incompressible [37, 38], even slight 
compressibility of foulants may contribute to compaction to the same degree as that induced by 
the drag force across fouling layers. To illustrate this effect, we simplified the fouling layers as 
an impermeable foulant matrix with cylindrical pores distributed periodically (Figure 4B). Each 
repeating unit of the matrix is assumed to have one pore. Although real fouling layers are highly 
tortuous and of irregular shape, this simplification can provide insights into the compression of 
fouling layers.  
Assuming the shear stress on the side surfaces of the entire cake is negligible, the 
compressive normal stress at the bottom of the fouling layer, σb,z, can be obtained from a force 








  ,        (2) 
where Ap is the pore cross-section area, A the top (and bottom) surface area of the repeating unit 
which includes Ap, P the hydraulic pressure at the top surface, and ΔP is the pressure drop across 
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    (3) 
where E is Young’s modulus of the foulant matrix. σb,x and σb,y are compressive stresses at the 
bottom of the matrix in x and y directions, respectively, and are set equal to the hydraulic 
pressure on the membrane surface, P – ΔP.  
Since the typical pressure drop across fouling layers in RO is relatively small compared 
to the trans-membrane pressure, i.e., ΔP/P ~ O(1 – 2 %) [39], an approximation of P – ΔP ≈ P 
was used. The first term in the bracket indicates strain induced by the permeate drag force (εdrag), 
as discussed in the previous subsection, while the second term indicates strain induced by 
compressibility (εcomp). Hence, the ratio of εdrag to εcomp represents the relative contribution from 
each factor to the compaction of the fouling layer:  









        (4) 
For sparse fouling layers, we can assume Ap/A ~ 1, which yields εdrag/εcomp >> 1 when ν ~ 
0.49 is assumed for slight compressibility of foulants. In this case, compressibility does not play 
an important role. On the other hand, for dense fouling layers with Ap/A << 1, Eq. (4) leads to 
εdrag/εcomp ~ O(1). This result implies that small compressibility may lead to a compaction effect 
equivalent to that of the drag force, especially for fouling layers that are already highly 
compacted.  
Polymeric gel matrices are typically assumed to be incompressible [37]. However, actual 
Poisson ratios for gels have rarely been reported in the literature. Wang et al. [35] conducted 
compression tests on alginate gel microspheres and measured the temporal change in the strain. 
Although a quantitative value was not obtained, their study suggested that the Poisson ratio of 
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alginate gel matrix is very close to 0.5. We note that this is the only study that attempted to 
measure the Poisson ratio of alginate gel matrix, by excluding the effect of solvent migration. 
Poisson ratios of other hydrogel matrices have been reported, e.g., ~0.46 for polyacrylamide gel 
[40], ~0.43 for polyvinyl alcohol gel [41], and ~ 0.46 for poly(N-isopropylacrylamide) gel [42]. 
Assuming the alginate gel matrix has a similar compressibility, it may be possible that the 
compaction of the fouling layer in RO was partly due to compression of the alginate gel matrix. 
3.3.3 Dense fouling layers in RO 
When the pressure is released after an RO fouling experiment, the compressed materials 
are relaxed and recover their original volume, unless they are irreversibly compressed. In 
addition, considering that the fouling layers in FO are loose and can be easily removed, it is 
likely that the drag force does not play a critical role in compaction, even in RO. However, the 
mechanisms discussed above work simultaneously and may reinforce each other, which can 
result in irreversible compaction in RO as opposed to FO where no compressive force exists, 
other than drag force across the fouling layers.  
As shown in Figures 2 and 3, the reduction in fouling layer thickness after cleaning is 
prominent in FO, while the reduction becomes progressively smaller for PFO and RO. From 
force balance analysis, it can be seen that the compressive force induced by the permeate drag 
force is the weakest at the top of the fouling layer and strongest at the bottom. In FO, most of the 
fouling layer was washed away during the cleaning process and only a small amount of fouling 
layer on the membrane surface remained, indicating that the drag force was not large enough for 
the irreversible compaction. In RO, on the other hand, cleaning was not effective for most of the 
layer, probably because the entire fouling layer, including the top portion, is highly compacted 
by the drag force bolstered by the other mechanism. Compaction by any mechanism results in a 
denser structure and reduces the effective pore sizes while increasing tortuosity. This again leads 
to an increased drag force that compresses the layers more, especially when foulants are 





Our results demonstrate that hydraulic pressure plays an important role in membrane 
organic fouling behavior, particularly in fouling reversibility in FO, PFO, and RO. Visual 
examination of fouling layers in the hydrated state using CLSM revealed that the fouling layer 
thickness decreased in the order of FO, PFO, and RO, while the alginate foulant volume 
increased from FO, PFO, to RO. However, after a brief physical cleaning by increasing the shear 
flow rate, both the thickness and foulant volume of the remaining alginate fouling layers 
increased in the order of FO, PFO, and RO. Such fouling layer characteristics indicate that the 
large hydraulic pressure in RO induces significant compression and compaction of the alginate 
fouling layer, which leads to irreversible fouling layer formation.  
We proposed two possible compaction mechanisms in RO, namely permeate drag force 
and compression of foulants. Fouling layers in all membrane processes investigated (FO, PFO, 
and RO) undergo similar extent of compaction due to the permeate drag force as identical initial 
water fluxes were employed. However, the compressibility of foulants under hydraulic pressure 
may contribute to compression of fouling layers to a significant extent. Finally, we emphasize 
that these mechanisms work simultaneously and therefore reinforce each other, resulting in 
irreversible, dense and compact fouling layers in RO, as opposed to those in FO, where only drag 
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